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Abstract: This study investigated the bond strength between a zirconia framework and four veneering 
ceramic materials with varying coefficients of thermal expansions (CTE) using the Shell Nielsen bond 
strength test. Zirconia rods (N=40) (ICE Zirkon) (diameter: 4 mm, height: 20 mm) were milled in green 
state and sintered. After firing, the zirconia rods were air-abraded, ultrasonically and steam cleaned. They 
were randomly assigned to receive four veneering ceramic materials (n=10/group), namely a) Vita VM9 
(VZ; 9-9.2x10-6K-1), b) Cerabien ZR (CZ; 9.1x10-6K-1), c) Matchmaker ZR (MM; 9.4x10-6K-1) and d) Ice 
Zirconia Ceramic (IZ; 9.6x10-6K-1). The veneering ceramics were then fired onto zirconia discs (height: 2 
mm, thickness: 2 mm) circumferentially and were thermocycled for 6.000 times (5/550C, dwell time: 30 s). 
Specimens were loaded from the top of the zirconia rods (crosshead speed: 0.5 mm/min) in a universal 
testing machine until debonding. Shell Nielsen bond strength values were calculated and expressed in 
MPa. The surfaces of the zirconia rods were evaluated under Scanning Electron Microscopy to determine 
the failure types. The data were then statistically analyzed using 1-way ANOVA and Tukey`s tests 
(α=0.05). Weibull distribution values including the Weibull modulus (m), characteristic strength (0), and 
probability of failure at 5% (0.05) was calculated. The highest mean bond strength (MPa) was obtained for 
CZ (42.08±4.08), followed by VZ (41.77±4.92), MM (40.7±3.64) and IZ (40.05±5.78). While mean bond 
strength for VZ, MM and IZ were not significantly different (P>0.05), CZ was only significantly higher than 
that of IZ (P<0.05). The Weibull distribution presented the lowest shape value (m) for VZ (m=16.94) and 
the highest for MM (m=20.16). The specimens in all test groups demonstrated predominantly adhesive 
failure type between the framework and veneering ceramic followed by mixed failures. Veneering ceramics 
with a greater mismatch of CTE with the zirconia framework exhibited similar Shell Nielsen bond strength 
to those with fewer mismatches. Shell Nielsen bond strength test used in this study subjecting the zirconia 
framework-veneering ceramic assemblies to circumferential shear forces did not show the effect of CTE 
mismatch between the veneering ceramics accept those between CZ (9.1x10-6K-1) and IZ (9.6x10-6K-1).  
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Introduction 
Zirconium dioxide (ZrO2, hereon: Zirconia) has become an alternative to metals as a framework material 
for veneered anterior and posterior fixed dental prosthesis (FDP) due to its relatively superior mechanical, 
chemical, biological and optical properties [1-3]. Although monolithic zirconia FDPs have become popular 
in recent years, in most cases zirconia frameworks are veneered to enhance the optical properties of the 
final restoration. The mechanical strength, stability of the framework, and the adhesion of the veneering 
ceramic (VC) to the framework are crucial factors for clinically successful performance and reliability of a 
veneered zirconia FDP [4,5]. 
Mechanical properties of framework materials and VCs should be consistent to achieve a durable bond 
[3,4]. Bond strength of a VC to zirconia is affected by many variables such as restoration geometry, 
framework design, surface finish, roughness and treatment, wettability of zirconia framework, phase 
transformation, structural defects yielding to flaw development, reactions at the framework-veneer 
interface, residual tensile stresses during the cooling process and Coefficient of Thermal Expansion (CTE) 
mismatch between framework and the VC [4-7]. Individual or the combined effects of all these variables 
could influence the framework-veneer bond strength and therefore the clinical success rate of FDPs made 
of such materials [4-7]. 
Clinical and laboratory investigations demonstrated that zirconia frameworks have a low failure rate 
compared to VCs [8,9]. Clinical failures such as chipping and/or delamination of veneered zirconia in all 
major brands were reported to be between 11.4% and 25% mainly in posterior FDPs [10,11]. These 
failures were attributed to poor bond strength at the framework-veneer interface or cohesive strength of the 
VC [2,7,12-14]. 
In bilayered structures such as a veneered FDPs, stress distribution is much more complex compared to 
a monolithic structure [2]. The inherent characteristics of the framework, VC and the bonding interface 
between these two materials causes the complexity [15,16]. For better clinical performance, it has been 
proposed to use specially developed VCs for both layering and press techniques and to treat the surface of 
the zirconia to enhance the adhesion at the framework-veneer interface. Airborne particle abrasion to 
roughen and clean the zirconia surface for higher bond strength between these two ceramics is being 
routinely used [17-19]. Application of a liner for the same purpose has also been suggested [17]. 
In order to understand and evaluate the bond strength and failure types of these systems various in-vitro 
test designs were developed. These tests were adopted to understand the mechanical nature of bilayered 
ceramics, find solutions for specific problems and predict in-vivo survivability [17]. Shear bond strength 
(SBS), macrotensile, microtensile bond strength (MTBS), biaxial, 3- and 4- point flexure strength tests 
have been suggested to investigate the framework-veneer bond strength in in-vitro conditions [12,13, 
20,21]. These tests use standardized non-anatomical specimens under controlled environments and 
parameters and give valuable information about the basic mechanical properties of bilayered structures. 
However, they do not represent the complex geometry of the FDPs [22] as they are based on applying a 
tensile or a compressive load on one side of the veneered specimen [12,13,20,21]. In fact, in clinical 
conditions the framework is veneered circumferentially resulting in radial compressive forces that enhance 
the bond strength at the framework-veneer interface [23]. On the other hand, bending or flexural strength 
tests, favorable for metal-ceramic systems, may not be valid for veneered ceramic materials due to their 
brittle nature [24,25]. Commonly used SBS and MTBS tests often show cohesive failure patterns within the 
VC. Thus, the results do not represent the actual bond strength at the interface [5,26,27]. Each test setup 
plays an important role in determining the framework-veneer bond strength and has limitations in 
measuring the interfacial bond strength [1,2,6,7,12,24,28]. Anatomical restorations were also fabricated 
and loaded to closely mimic the clinical situation but the data obtained in these studies is more difficult to 
compare due to substantial variations in test parameters [29]. 
The test specimen design and methodology proposed by Shell and Nielsen [23] provided valuable 
information regarding the bond strength of VC to framework material. The design was based on the 
measurement of the load required to fail the circumferentially fired layering ceramic around the rod shaped 
substructure, measuring the shear bond strength at the core-veneer interface similar to the push-out test 
[23]. The Shell Nielsen [23] test methods and the Mc-Lean test [30] methods have been used to quantify 
the ultimate and actual bond strength at the framework-veneer interface [30]. 
The objectives of this study were to a) investigate the bond strength between one type of zirconia 
framework material and four feldspathic VCs with different CTEs using the Shell Nielsen bond strength test 
and b) determine the failure types after debonding using scanning electron microscopy. The null 
hypothesis tested was that the CTE differences between the framework and the VCs would not influence 
the bond strength.  
 Materials and Methods 
Preparation of rod shaped zirconia framework specimens  
The materials used in this study are listed in Tables 1 and 2. 
The design of the specimens for testing the bond strength between VC and zirconia rods was based on the 
design described by Shell and Nielsen [23]. Zirconia rods (Ice Zirkon, ZirkonZahn GmBh, Bruneck, 
Germany) (N=40) were milled in green state then sintered (diameter: 4 mm, height: 20 mm). After 
sintering, the rods were airborne particle abraded (120 µm Al2O3; pressure 350 kPa) according to the 
manufacturer’s conditioning recommendation. Zirconia rods were then ultrasonically and steam cleaned. 
Finally, veneering ceramics were fired onto the zirconia rods. Detailed firing schedules for each veneering 
ceramic is presented in Table 3. 
Shell-Nielsen bond strength test 
The stainless steel mould was placed on a plane surface and the veneered zirconia rods were seated back 
into the mould that had been used for specimen preparation (Fig 1). The specimens were loaded from the 
top of the zirconia rods with a ball point at a crosshead speed of 0.5 mm/min in the universal testing 
machine (Autograph Model AG-50kNG, Shimadzu, Kyoto, Japan) (Fig. 2) until fracture of the VC (Fig. 3). 
Shell-Nielsen bond strength values were calculated, expressed in MPa and stress-strain curves were 
analyzed. 
Failure type analysis 
Complementary to the bond strength tests, the surfaces of the zirconia rods were evaluated after the tests 
under the Scanning Electron Microscope (SEM) (JEOL JSM-5200, Kyoto, Japan). Failure types were 
categorized as follows:  Adhesive (A): Failure between the framework and the veneer ceramic without any 
remnants of the veneer ceramic; Cohesive (C): Failure within the veneering ceramic; Mixed (M): 
Combination of A and B.  
 
Statistical analysis 
Descriptive statistics were computed and test of normality was performed using Kolmogorov-Smirnov and 
Shapiro-Wilk’s tests (SPSS 14.0, Chicago, IL, USA). The means of each group were analyzed by 1-way 
analysis of variance (ANOVA), with Shell and Nielsen bond strength as the dependent variable and 
veneering ceramics with different TEC (4 levels: MM; 9.4x10-6K-1; CZ; 9.1x10-6K-1; IZ; 9.6x10-6K-1; VZ; 9-
9.2x10-6K-1). Tukey’s post hoc test was applied to compare the significant differences between groups. 
Maximum likelihood estimation without a correction factor was used for 2-parameter Weibull distribution, 
including the Weibull modulus, scale (m) and shape (0), to interpret predictability and reliability of adhesion 
(Minitab Software Version14, State College, PA, USA): 
 
P <0.05 was considered to be statistically significant in all tests.  
 
Results 
Data were normally distributed in all groups. Mean bond strength, standard deviations at the framework-
veneer ceramic interface, and failure types of the tested groups are summarized in Table 4.  
The highest mean bond strength (MPa) was obtained for CZ (42.08±4.08), followed by VZ (41.77±4.92), 
MM (40.7±3.64) and IZ (40.05±5.78). While mean bond strength for VZ, MM and IZ were not significantly 
different (P>0.05), CZ was only significantly higher than that of IZ (P<0.05). VZ, MM and IZ were not 
significantly different (P>0.05).  
Weibull distribution presented the lowest shape value (m) for VZ (m=16.94) and the highest for MM 
(m=20.16) (Table 4, Fig. 4).  
The specimens in all test groups demonstrated predominantly adhesive failure type (A) between the 
framework and veneering ceramic (IZ: 5, VZ: 7, MM: 6, CZ: 7) followed by mixed (M) failures (IZ: 4, VZ: 2, 
MM: 3, CZ: 3) (Figs. 5-c) (Figs. 5 d,e). Cohesive (C) failure within the veneering ceramic was the less 
common (IZ: 1, VZ: 1, MM: 1, CZ: 0) (Fig. 5f).  
 
Discussion   
Based on the results of this study, since the CTE differences between the VCs did not significantly affect 
the bond strength between the framework and the veneer ceramic except between groups, the null 
hypothesis tested could be partially accepted.  
 Mechanical laboratory tests, such as bond strength tests, guide clinicians concerning materials, 
procedures and methods [31]. In attempt to estimate the bond strength and failure characteristics of VCs to 
zirconia, various laboratory tests (shear, microtensile, biaxial flexure and 3-, 4- point flexure strength tests) 
have been conducted [32-35]. There is a great variation between the results of these tests due to 
differences in testing methodology and thereby the fracture mechanism. Therefore, it is difficult to interpret 
the bond strength values gathered from various studies [12,13,20,21].  
 The MTBS test is advocated to evaluate the framework-veneer bond strength as a more standardized 
testing procedure with smaller standard deviation [7,36]. Higher rates of cohesive failures within the 
layering ceramic have been reported with the MTBS test and it gives less information about the ultimate 
bond strength between the framework and the VC [17,31]. Furthermore, in clinical and laboratory 
conditions, the incidence of delamination of the VC is more frequent than the cohesive failures within the 
VC [19,20,37,38]. Therefore, the MTBS test might be questionable as a means to evaluate the bond 
strength between the framework and the VC. 
 SBS tests provide valuable information about the materials tested. However, variations in test geometry 
and loading configuration have a high impact on the stresses that are generated at the framework-veneer 
interface with this test method [39]. In SBS tests, the initial contact of the shearing knife-edge is at one 
point where the stress is concentrated in a smaller area, resulting in premature failure [40]. Besides, SBS 
tests might generate undesired stress distribution pattern causing cohesive failures within the VC [41]. 
With the test method used in this study framework-veneer interface is loaded circumferentially, contacting 
a larger area and thus preventing early failures. This might also help to explain the high bond strength 
values obtained.  
 None of the test designs can exactly reflect clinical conditions and most have been performed on flat 
models of bilayered zirconia. In fact, FDPS have complex geometries and therefore bond strength tests 
that have a flat model design would not be sufficient to evaluate the bond strength of VC close to clinical 
conditions as these testing methods do not take the compressive forces that reinforces the 
circumferentially applied veneering ceramic into consideratıon. The test method proposed by Shell and 
Nielsen, allows applying the load only to the shearing surface for ultimate bond strength between the 
framework material and the VC [23]. Firing the VC circumferentially to the framework more accurately 
mimics the clinical situation when compared to flat model designs. It has also been stated that the high 
bond strengths that were obtained with this specimen geometry were due to compressive radial stresses 
[30]. Leone and Fairhurst reported ultimate bond strength values at the interface, as their specimens were 
free from veneer ceramic at failure with this test method [42]. Other studies have also reported lower SBS 
of 23-41MPa [21], 29 MPa [7], 22-31MPa [12], and with MTBS between 24.2-31 MPa [6,15], 34-36MPa 
[41] for veneered zirconia all-ceramic systems compared to our study. During the phase transformation of 
the ceramic from the solidifying temperature to room temperature, molten ceramic surface cools faster 
than the slow cooling process interior, which stimulates residual compression stresses in the ceramic 
surface and innocuous tensile stresses within the ceramic material [23]. This phenomenon might explain 
the higher bond strength values obtained in this study compared to flat bond strength tests.  
 Many interacting variables such as compatibility of CTE, the zirconia surface conditioning, the liner 
application, the type of VC, framework-veneer bond quality and multiple firing of VC, being also a critical 
factor that may influence the tetragonal to monolithic phase transformation of zirconia and residual 
stresses, may affect the adhesion between these two ceramics [7,24,43]. Air-abrasion of zirconia surface 
before veneering results in high bond strength [1,7,24,37]. Accordingly, in this study, the specimens were 
air-abraded. It has been previously reported that excluding liner application did not have adverse effect on 
the bond strength [7,17,37,41]. Thus, no liner was applied to the zirconia in any of the test groups.  
 The delamination of VC from the zirconia framework is not directly related to the weak adhesion at the 
interface [20,37,38]. Residual stresses generated due to differential cooling should not be neglected. The 
mismatch of CTE between the framework and the veneer ceramic yields to increased interfacial failures as 
a result of increased tensile stresses at the interface and compressive stresses within the veneer ceramic 
[32]. It has been also reported that the mismatch of CTE causes high tensile pre-stress at the framework-
veneer interface [6,43]. The perfectly matching CTE between the framework and the VC would result in 
minimum residual stress at the interface during slow cooling [23]. Hence, optimized CTE between the 
framework and VC could decrease delamination failures [2,7]. It was hypothesized that the cylindrical 
symmetry of the VC would not cause significant stress to the bond surface, and the matching CTE of 
fraemwork and VC would avoid the thermal stresses that would have developed during cooling [23]. Shell 
and Nielsen stated that slight differences in CTEs had generated a large radial tensile stress at the 
framework-veneer interface; yet bond strengths had not been adversely affected [23]. 
 Although there were slight differences between the CTEs of the VCs tested, the bond strength values 
did not reveal significant differences in most of the tested groups. An interesting finding of this study was 
that, CZ which had the least matching CTE (9.2x10-6K-1) to that of the zirconia framework (10.5x10-6K-1) 
had the highest mean bond strength value (42.08 MPa) whereas IZ with the closest CTE (9.6 5x10-6K-1) 
presented the lowest bond strength value (40.05 MPa). This might be a result of specimen geometry, 
radial compressive stresses, and the circumferential loading of the specimens. Interestingly however, 
Weibull distribution presented higher shape values (m) for IZ followed by MM both of which had the highest 
TEC being closest to that of the zirconia framework tested. Future studies should consider Weilbull 
modulus in reporting data on adhesion of bilayered ceramics and focus on the correlation between such 
moduli and bond strength results using large number of specimens.  
 SEM evaluation revealed dominantly adhesive failures at the interface with all VC-zirconia combinations 
supporting that the specimens were loaded close to the framework at the interface to measure the ultimate 
bond strength. The mixed failure types and even the cohesive ones showed very thin layers of veneering 
ceramic as patches on the zirconia framework. This may also indicate that the adhesion of all VCs could 
be improved onto the zirconia, as the clinical problem of delamination remains to be a major concern in 
veneered zirconia FDPs. 
 
Conclusion 
From this study, the following could be concluded: 
1.  Shell Nielsen bond strength test used in this study subjecting the zirconia framework-veneering ceramic 
assemblies to circumferential shear forces did not show the effect of CTE mismatch between the 
veneering ceramics accept those between CZ (9.1x10-6K-1) and IZ (9.6x10-6K-1).  
2. The highest Weilbull modulus was obtained with the veneering ceramic MM with TEC of 9.4x10-6K-1 
indicating more reliable adhesion to the tested zirconia framework material. 
3. Regardless of differences in TECs all zirconia framework-veneer-ceramic combinations presented 
predominantly adhesive failures after the bond test indicating an unfavourable failure type. 
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Veneering 
Ceramic 
Material 
Manufacturer Chemical Composition Batch 
number 
CTE 
(50-500°C 10-6K-1) 
Vita VM9 
(VZ) 
Vita Zahnfabrik Rauter 
GmbH&Co KG, 
Säckingen, Germany 
SiO2, Al2O3, K2O, NA2O, TiO2, 
CeO2, ZrO2, CaO, B2O3, BaO, 
SnO2, Mg-, Fe-, P-, O2. 
15110 9 - 9.2 
Cerabien ZR 
(CZ) 
Noritake Kizai, Co. Ltd. 
Nagoya, Japan 
SiO2, Al2O3, Na2O, CaO, K2O, 
MgO, LiO2, B2O3, pigments 
MB30D923 9.1 
Matchmaker 
Zr (MM) 
Davis Schottlander & 
Davis Ltd. London, 
United Kingdom 
SiO2, Al2O3, B2O3, CaO, K 2O, 
pigments 
S612 9.4 
Ice Zirconia 
Ceramic (IZ) 
ZirkonZahn GmBH, 
Bruneck, Germany 
SiO2, Al2O3, P2O5, K2O, Na2O, 
CaO, F, TiO2, pigments 
KEAA0501 9.6 
 
 
Table 2. Brands, manufacturers, batch number, chemical composition and thermal expansion coefficient of 
veneering ceramics according to the manufacturer`s data used in this study. 
 
 
 
 
 
  
Material Starting 
Temperature 
(°C) 
Pre-drying time 
(min) closing 
time 
Heating rate 
(°C/min) 
Heating time 
(min) 
Firing time 
(°C/min) 
Vacuum 
holding time 
(min) 
Slow cooling 
ending time (°C) 
Vita VM9 
(VZ) 
500 6 55 7.27 910 6 Room 
temperature 
Cerabien ZR 
(CZ) 
600 5 45 7.2 930 1 Room 
temperature 
Matchmaker Zr 
(MM) 
450 6 45 8 810 1 Room 
temperature 
Ice Zirconia 
Ceramic (IZ) 
400 6 55 7.38 820 2 Room 
temperature 
 
 
 
Table 3. Firing schedules of the veneering ceramics according to the manufacturers’ instructions.  
  
 
 
 
Veneering  
Ceramic 
Type 
Number of 
Specimens (n) 
Mean (SD) 
(MPa) 
 
Failure Type+ m σ0 
VZ 10 41.77±4.92a,b 7A, 1C, 2M 16.94 43.01 
CZ 10 42.08±4.08a 7A, 0C, 3M 18.3 43.33 
MM 10 40.7±3.64a,b 6A, 1C, 3M 20.16 41.75 
IZ 10 40.05±5.78b 5A, 1C, 4M 19.17 41.24 
 
Table 4. Mean bond strength and standard deviation (SD) (MPa), failure types and Weibull distribution values 
including modulus (m), characteristic bond strength (0), for each experimental group. *Different lower case 
superscripts indicate statistically significant difference (Tukey`s test; P<0.05) +Adhesive (A): Failure between the 
framework and the veneer ceramic without any remnants of the veneer ceramic; Cohesive (C): Failure within the 
veneering ceramic; Mixed (M): Combination of A and B. See Table 2 for groups abbreviations.  
 
 
 
 
Figure Legends 
Fig 1. Illustration of the test specimen preparation for Shell Nielsen bond strength test. c) 
Zirconia rod (R:4mm, h:20mm). v) Veneering ceramic. m) Stainless steel mold. r) Metal rod 
(R:4mm, h:5mm) to create vertical clearance during testing.  
 
 2 
Fig 2. Specimens were seated in the mold used for specimen preparation and loaded from the 
top of the zirconia rods with a ball point (0.5 mm/min).  
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Fig 3. Fractured specimen.  
 
Fig 4. Weibull plot for the tested groups. 
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Fig 5. SEM images of the tested groups. a) SEM image (x35) of a representative from a CZ 
specimen. Good bond between core and the veneer without bubbles at the margins of. No voids 
at the margins but few within the veneering ceramic. b) Total delamination of the veneering 
ceramic from the zirconia core following Shell Nielsen bond strength test of a CZ specimen 
(x35). c) Zirconia core (VZ) free from the veneering ceramic after fracture indicating that 
ultimate bond strength at interface can be measured with Shell Nielsen test method (x35). d) 
Adhesive failure was prominent throughout the surface even though this failure type was 
classified as mixed (IZ) (x35). e) Higher magnification (X350) of the IZ specimen with a mixed 
failure type. Very thin layer of the veneering ceramic can be observed. f) Cohesive failure within 
the veneering ceramic (MM) at x35 magnification. Note the voids at the margins.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
